Solar power is the third major renewable energy, constituting an increasingly important component of global future-low carbonenergy portfolio. Accurate climate information is essential for the conditions of solar energy production, maximization, and stable regulation and planning. Climate change impacts on energy output projections are thus of crucial importance. In this study the effect of projected changes in irradiance and temperature on the performance of photovoltaic systems in Greece is examined. Climate projections were obtained from 5 regional climate models (RCMs) under the A1B emissions scenario, for two future periods. The RCM data present systematic errors against observed values, resulting in the need of bias adjustment. The projected change in photovoltaic energy output was then estimated, considering changes in temperature and insolation. The spatiotemporal analysis indicates significant increase in mean annual temperature (up to 3.5 ∘ C) and mean total radiation (up to 5 W/m 2 ) by 2100. The performance of photovoltaic systems exhibits a negative linear dependence on the projected temperature increase which is outweighed by the expected increase of total radiation resulting in an up to 4% increase in energy output.
Introduction
Solar photovoltaic systems have largely penetrated the global energy market and especially Europe. According to the European Photovoltaic Industry Association [1] , photovoltaics (PV) for second consecutive year is the dominant new source of electricity production installed in Europe, where 55% of the global market of new connected to the grid capacity in 2012 with 17.2 GW is installed. PV systems consist of a competitive alternative for the decarbonization of Europe's energy sector, as they cover 2.6% of the electricity demand and 5.2% of the peak electricity demand. In 2012, 912 MW of PV was installed in Greece, increasing the PV contribution to 4% of the electricity demands.
Market trends show an expected decrease in the PV system prices from up to 2.31 C/W in 2012 in the residential segment to as low as 1.30 C/W in 2022 [2] . PV market in several countries as Greece is influenced by the political decisions and financial support. Nowadays because of the hard recession there is a decrease in large-scale PV projects installation. However, there is still potential of the Greek PV market to grow.
There is strong correlation between irradiation and temperature [3] . The downward irradiation that reaches the troposphere and the earth surface is absorbed by the atmospheric particles and the earth surface, respectively, emitting back long wave radiation (in the infrared spectrum) that increases the ambient heat and thus the temperature. However, the downward irradiation is largely affected by the cloud cover. Clouds affect the irradiation in three main ways. Firstly, they block a fraction of the direct downward irradiation (and thus affect negatively the direct radiation that reaches the earth surface) [4] . Secondly, they diffuse the already absorbed fraction of the irradiation to all directions, increasing the diffusive irradiation that reaches the earth surface. Thirdly, they block part of the long wave radiation that was supposed to be emitted from earth, back to space (greenhouse effect). The latter affects positively the near surface air temperature. However, the near surface air temperature is largely affected by the air mass temperature.
To account for all these interactions simultaneously, regional climate models (RCMs) are used to produce estimations of surface radiation components and temperature [5] . The performance of PV systems is largely influenced by internal and external factors such as the structural features, visual loss, aging, radiation, shading, temperature, wind, pollution, and electrical losses [6] [7] [8] [9] . Climate change will impact temperature and irradiance and therefore will alter the output capacity of PV systems [10] . PV systems present a negative linear relationship between the energy output and the temperature change [11] , while the increase of solar radiation is proportional to the PV energy output.
The use of high spatial resolution RCMs has become more common over global circulation models (GCMs), which may not be precise enough to describe local climatic processes [12] . The main disadvantage of RCMs is that model projections have considerable uncertainties. The major sources of uncertainty in climate change research lie in the techniques used to force RCMs with boundary conditions, downscaling methods, and greenhouse gases emissions scenarios [13] .
RCMs tend to simulate meteorological data with different statistical characteristics related to the observed-measured values. The time independent component of the error is the bias [14] . Studies [12] have shown that both GCMs and RCMs tend to overestimate the temperature in regions that present wet winters and dry summers and especially during the summer in south-eastern Europe [15] . The use of bias correction is thus required in order to adjust the climate models output according to the existing climate regime. Boberg and Christensen [12] , Haerter et al. [14] , Christensen et al. [15] , and Terink et al. [16] emphasize the necessity of bias correction in order for the forced impact models to derive useful results in hydrology, water resources management, and other climate applications.
The correction methodology depends on the data type, the temporal and spatial resolution of data, and the time scale. In order to cope with the uncertainties related to the different possible detailed realizations of the climate system, Advances in Meteorology ensembles of climate models output are used. Different GCMs can be used to quantify the uncertainty related to the different physical parameterizations of the large-scale land and atmosphere processes. Moreover, different RCMs can also be used to account for the uncertainties related to the representation of smaller scale processes, such as cloud microphysics or precipitation convection.
Methodology
2.1. Bias Correction. RCM temperature and irradiance outputs were corrected for their biases in mean and standard deviation for each calendar month, following the methodology presented in Haerter et al. [14] . The bias in mean is corrected by subtracting the differences found between observed and modeled values and a correction to the model data is performed to conform to the variability of the historical data. This procedure takes the sequence of anomalies and scales them consistently with the observed historical variability. In the case where data follow normal distribution the transfer function is linear and is of the form shown in the following equation: The final adjusted model time series exhibits the appropriate baseline mean and standard deviation with respect to the observed data.
Estimation of PV Energy Output under Variable Conditions of Temperature and Irradiance. In order to estimate 4 Advances in Meteorology
Temperature ( the potential percentage change in PV output, the fractional change Δ PV / PV is calculated from the ratio between (2) and (3) taken from Crook et al. [10] . Consider the following:
where Δ PV is the change in photovoltaic power output, ref is the reference photovoltaic efficiency, Δ is the change in temperature between the baseline and the scenario period, Δ is the change in irradiance between the baseline and the scenario period, is the daytime temperature for the baseline period, estimated by (4) as it can be found in Crook et al. [10] , tot is the irradiance over the daylight for the actual cloud cover for the baseline period, calculated by (5) taken from Crook et al. [10] , and ref is the reference temperature in which the performance of PV cell is estimated by the manufacturer. is the temperature coefficient set by cell Advances in Meteorology material and structure, is the irradiance coefficient set by cell material and structure, and 1 , 2 , and 3 are coefficients which depend on details of the module and mounting that affect heat transfer from the cell. Consider the following:
where DTR is the diurnal range of the temperature (difference between minimum and maximum temperature) and is the monthly average temperature. Consider
where is the monthly average irradiance and daylength is the time of the daylight, calculated as monthly average, for all latitudes of the study site every 0.25 ∘ .
Case Study Area and Data Used
Monthly means of surface temperature and irradiance projections were obtained for five regional climate models of the ENSEMBLES (http://ensemblesrt3.dmi.dk/) database, under the special report on emissions scenarios (SRES) A1B emission scenario of the Intergovernmental Panel on Climate Change (IPCC). The main objectives of the ENSEMBLES project were to provide an ensemble prediction system based on the state of the art of high resolution global and regional earth system models developed in Europe. The produced simulations were validated by using high resolution gridded datasets for Europe to produce an objective probabilistic estimate of uncertainty in future climate at the seasonal to decadal and longer timescales. More information about the ENSEMBLES project can be found in UK Met Office page http://ensembles-eu.metoffice.com/ [21] . Detailed information about used RCMs temporal resolution is presented in Table 1 . The processing of the climate data was performed in the ENSEMBLES RCMs spatial resolution which is 0.25 degrees. The E-OBS [22] dataset provided observed minimum and maximum temperature data between 1950 and 2000. The SoDa database (http://www.soda-is.com) between 1985 and 2005 with spatial resolution of 20 km was used as an observational irradiance dataset. The SoDa server provides daily irradiation time series over Europe, Africa, and Atlantic Ocean, which is accessible on a free basis [23] . It supplies information of high quality, matching the actual needs of users, with improved time-space coverage and sampling [24] . The SoDa irradiance is satellite derived data of HelioClim The estimation of the change in / potential over Greece was conducted at NUTS2 spatial discretization level (NUTS: nomenclature of units for territorial statistics). Moreover, standard coefficients of monocrystalline silicon cells were considered for (2) the coefficients are set according to Lasiner and Ang [27] as it is proposed in Crook et al. [10] . Thus, = 0.0045, = 0.1, Figure 1 presents the observed, the raw model ensemble mean, and the difference between them for temperature and irradiation. It was found that the RCM ensemble mean overestimates the mean temperature over Greek domain from 1 ∘ C to 3 ∘ C. This was also mentioned in Boberg and Christensen [12] . Similarly, RCM data tend to heavily overestimate the irradiance over central parts of Greece with the overestimation to be as high as from 40 W/m 2 to 50 W/m 2 in some parts. However, over the southernmost part of Greece, RCMs represent better the mean irradiation. The difference between the observed and model values stresses the need of adjusting the bias in both the examined parameters. Figure 2 shows the change in RCM simulated mean irradiance and temperature for the three considered 40-year periods, after the adjustment of the bias. The relative change in mean for the two projected periods is also presented in Figure 3 compared to the control period. It is shown that in the first projection period (2011-2050) the mean increase ranges between 1 and 1.5 ∘ C, while by 2061-2100 period the increase range reaches up to 3-3.5 ∘ C for the most parts of the study area. Regarding irradiance the average increase for the first projection period ranges between 2 The change in PV energy output was then estimated for each model and projection period. Figure 4 illustratesthe projected mean change in PV output derived from the ensemble of the RCMs. By 2050 the average PV energy output could increase up to 1%-2% in Western and Southwestern Greece, whereas for the regions of Attica and Thessaly a decrease of 1% is projected. However in the second period Western Greece and specifically the regions of Epirus and Peloponnese are projected to have an increase from 2% to 3%. For Thrace the respective increase is projected to be near 2%; in Northern Greece (Macedonia), Crete, and Aegean islands, the PV performance is expected to increases up to 1% while in the regions of Attica and Thessaly the projected performance decreases up from 1% to 2%. Figure 5 illustrates the long term trend of the models ensemble relative projected change in PV energy output, for all administrative regions of Greece (NUTS 2 level) and for the entire study area. For all administrative regions, except Attica, a slight increasing trend in PV output is expected during the 21st century ranging between 0.2% and 2% in the regions of Western Greece and Epirus.
Results

Change in PV Energy
It is important to note that in Figure 5 , the range of relative change from all models values is between ±12%, which indicates the models' uncertainty. Referring to Crook et al. [10] , the uncertainty in the specific research lies in the uncertainty of the projected changes in temperature and insolation. The most important source of uncertainty is the changes of cloud cover [28] and behavior as simulated in climate models, which plays an important role in climate change projections for the 21st century. For Southern Europe a decrease in cloud cover and increase in surface radiation are projected [10] . Therefore without the change in cloud cover (%) the warming would still exist but not at this extend. Changes in cloud coverage influence the diurnal temperature variation [22] with greater influence on max during summer and min during winter than on the average daily temperature. This necessitates the distinctive consideration of max and min in climate change impact research. For Europe an increase in DTR (diurnal temperature range-temperature difference between maximum and minimum daily temperatures) is projected with greater uncertainty in the local summer season variation [29] .
Figures 6 and 7 present the percentage change of PV performance as derived from each RCM for 2011-2050 and 2061-2100 periods, respectively, compared to the RCMs outputs for the reference period. Results indicate that the signal of the projected change in average PV performance over Greece is robust with large spatial variability, however, among the different RCMs. The majority of the RCMs project an increase between 1% and 2% over the most regions of the study area for the first period of study except from the RCM C4IRCA3 model which predicts a decrease up to 4% over the regions of Central and East Macedonia and the RCM MPI-M-REMO model which shows a decrease of about 2%. The projection for the second period indicates that, except for the RCM CNRM-RM 5.1 which shows a large increase, the rest of the RCM models predict an increase of the productivity of PV systems in the western mainland, Peloponnese, and Crete about 2%, while in the eastern mainland a decrease in productivity of about 2% and above is shown.
Contribution of Temperature and Insolation in the PV
Output Change. The relative contributions of Δ and Δ are estimated by setting the projected change in irradiance and temperature, respectively, equal to zero in the calculations for the potential percentage change in the PV energy output in (2) following the methodology presented in Crook et al. [10] . In Figure 8 , the ensemble mean PV output change is estimated for both projected periods, by setting the irradiance change equal to zero. In Figure 9 the respective results are presented by setting the temperature change equal to zero. The individual change in irradiance results in a significant increase on PV energy output up to 5% while the increase of temperature causes a decrease up to 2%. The relative contribution of each parameter varies from region to region. As it is expected, the two factors present different correlation signals with the PV output. In some cases the change in temperature and irradiance mutually compensates resulting in a small net change in performance. This is mostly the case in the first study period. However, there are cases such as the eastern part of Greece (Attica, Thessaly) where an increase in temperature of about 3 ∘ C-3.5 ∘ C cannot be compensated by the irradiation increase of about 1-3 W/m 2 and the estimation of PV energy output is negative, resulting in an overall reduction of PV output up to 3%. In contrast, over the Western Greece, despite the temperature increase at the same levels, the overall performance is expected to increase due to significant irradiation increase as a result of lower cloud coverage. Nonetheless, in some cases the large temperature increase cannot be compensated by the increase irradiance, as it can be observed in both study periods in eastern parts of the Greek mainland, some areas in Central Macedonia, and over Crete.
Conclusions
The projections of temperature and irradiance from 5 RCMs were analyzed for their contribution to monoclystalic PV panels' output change, over Greece. The analysis was conducted for two future periods, 2011-2050 and 2061-2100. The RCMs project an average temperature increase up to 1. The PV output is projected to have an increasing trend for all regions of Greece during the 21st century. The region of Attica is an exemption where a reduction of 0.5% is projected. In the first period of study, an average increase between 1 and 2% in the majority of the study area is likely to occur except for the region of Attica and some areas in Thessaly and Central Macedonia. During the second period (2061-2100) a significant increase in the PV output is projected over the western mainland of Greece and Peloponnese, while a mild decrease for the eastern mainland and Central Macedonia is expected.
Examining the relative contributions of temperature and irradiance, a significant reduction due to the temperature increase is foreseen which is, however, outweighed by the irradiance increase, resulting in an overall increase in photovoltaic systems.
While the analysis shows clear increasing trends in the output of the monocrystalline PV systems over Greece, the rate of increase is small comparing to the variability amongst different RCMs. This is mainly attributed to the RCM shortcoming to robustly project the cloud cover and thus the irradiation parameter. The model's ability to capture the irradiation is expected to improve in the forthcoming Euro CORDEX [30] .
